The Cholodny-Went hypothesis holds that gravitropic curvature of a growing plant organ depends on regulated transport of the plant hormone auxin; new studies of the agravitropic mutant aux1 of Arabidopsis provide strong evidence in support of this hypothesis.
All plant organs exhibit gravitropism -growth in a direction defined by gravity. The nature of the gravitropic response depends on the organ, the species and various environmental parameters. The mechanism of gravitropic growth has been the subject of intense investigation for many years. As early as 1926, Cholodny and Went independently presented an elegant model for gravitropism now generally known as the Cholodny-Went hypothesis [1] . They proposed that gravitropic curvature was dependent upon lateral transport of the plant hormone indole-3-acetic acid -auxin -from the upper to the lower side of a responding organ, resulting in different auxin concentrations on the two sides of the organ. Different auxin levels, in turn, result in different elongation rates and thus in growth curvature.
In roots, for example, the gravity stimulus is sensed in cells at the root tip called the root cap. In response to the stimulus, an unknown signal is transduced basally to the zones of cell division and cell elongation, where it stimulates the transport of auxin from the upper to the lower side of the root. As root growth is inhibited by increased auxin levels, auxin redistribution results in growth inhibition on the underside of the root, and the root curves down. In a modification of this hypothesis, Hasenstein and Evans [2] proposed that lateral auxin transport does not occur within the elongation zone itself. Rather, auxin is distributed asymmetrically in the root cap and transported away from the root tip (basipetally) into the elongation zone (Fig. 1) . Thus, in their model, auxin is acting as a signal as well as a growth regulator.
Both of these models invoke regulated auxin transport to produce differential growth. However, the importance of auxin transport in gravitropism has been questioned. In particular, it has been difficult to demonstrate a clear difference in auxin concentration between the upper and lower sides of a responding root. In those instances where differences have been documented, they are modest [1] . These results have led to the proposal that differential growth is mediated by differences in auxin sensitivity rather than auxin levels [3] . Recent molecular genetic studies with Arabidopsis, however, suggest that changes in auxin levels do play a key role in root gravitropism.
Figure 1
A model for auxin flow in a plant root [2] . In a vertical root (left), auxin is thought to travel (red arrows) down the stele from the elongation zone to the root cap, from where it is transported laterally and then back up the epidermal layer to the elongation zone. When the root is horizontal (right, top), more auxin is transported to the bottom tissues, inhibiting their growth and leading to downward bending (right, bottom).
yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyy yyyyyyyyyyyyyyyyyyy yyyyyyyyyyyyyyyyyyy yyyyyyyyyyyyyyyyyyy yyyyyyyyyyyyyyyyyyy yyyyyyyyyyyyyyyyyyy yyyyyyyyyyyyyyyyyyy yyyyyyyyyyyyyyyyyyy yyyyyyyyyyyyyyyyyyy yyyyyyyyyyyyyyyyyyy The existence of a specific auxin transport system has been well established in many plant species [4] . This transport system does not appear to directly involve the vascular system. Rather, auxin is thought to move through files of cells by a process that involves both passive diffusion and active transport. Transport is strongly polar, so that in the shoot, auxin moves in an apical-to-basal (acropetal) direction. In the root, there is evidence for both acropetal transport through the center or stele of the root, and basipetal transport through the epidermal tissues. The essential elements of this transport system are cellular influx and efflux carriers. Both components have been biochemically characterized in plasma-membrane vesicles.
The data suggest that the auxin influx carrier is electrogenic and uses a 2H + auxin -symport mechanism, whereas the efflux carrier transports the auxin anion. The efflux carrier is inhibited by a variety of compounds, including napthylpthalamic acid. The precise mode of napthylpthalamic acid action is not known, but the molecule is known to interact with a single binding site in the plasma membrane and to inhibit auxin efflux, thus preventing polar movement of auxin and disrupting auxin gradients that may exist in a tissue [4] . Plants treated with napthylpthalamic acid exhibit a variety of growth defects, including the loss of root gravitropism. Until now, this effect has been the best evidence for a role for auxin transport in gravitropism.
Two types of genetic screen have resulted in the recovery of Arabidopsis mutants with defects in root gravitropism. The most straightforward screen is to grow seedlings on petri dishes placed on edge, and look for plants that do not orient their roots properly. This approach has resulted in the recovery of three mutants, called agr, arg1 and rgr1 (also called axr4) [5] . In another approach, mutants with defects in the auxin response have been isolated by screening for resistance to exogenous auxin. Strikingly, all of the mutants identified in this way have defects in gravitropism [6] . Two of the auxin-resistant mutants, axr1 and axr4, have a relatively modest defect in gravitropism, while the others, axr2, axr3, aux1 and dwf, are severely affected. Mutations in the genes AUX1 and AXR4 were isolated in both screens.
During the last several years, the characterization of two of these genes, AXR1 and AUX1, has proceeded to the molecular level. The axr1 mutants have an extremely pleiotropic phenotype with multiple defects in both shoot and root development. Mutant tissue is also severely deficient in auxin-induced gene expression, suggesting that the AXR1 gene plays an essential part in the auxin response [7] . In contrast, the morphological effects of the aux1 mutations are restricted to the root [6] . The number of lateral roots is reduced, and root gravitropism abolished, in aux1 mutant plants [8] . The aux1 mutant tissues also display a modest reduction in auxin-induced gene expression and, surprisingly, this defect is present in both root and shoot tissue [7] . Double mutant analysis confirmed that the AUX1 gene functions in the shoot as well as the root: the axr1 and aux1 mutations have additive effects on root development, but in the shoot aux1 partially ameliorates the effects of strong axr1 alleles [7] .
The AXR1 gene has been cloned and shown to encode a novel protein related to ubiquitin-activating enzyme (E1) [9] . Although the precise biochemical function of the AXR1 protein is not known, studies of yeast AXR1 homologues indicate that this class of proteins function in the ubiquitin pathway, and may serve a key function in cellcycle regulation (D. Lammer and M.E., unpublished data). Thus, it seems likely that AXR1 is required for auxin-regulated cell division, and axr1 mutants are indeed deficient in auxin-induced cell division (unpublished data from my laboratory). The role of AXR1 in cell elongation is uncertain. In any case, it is clear that the axr1 mutants are affected in gravitropism because of a defect in cell growth and not auxin transport.
More recently, the cloning of the AUX1 gene has produced the first molecular evidence that auxin transport does play a key role in gravitropism [10] . As mentioned above, the original aux1 mutant was isolated in a screen for auxin resistance. Additional mutant alleles have been recovered in screens for altered growth orientation and, surprisingly, resistance to the plant hormone ethylene [6] . All of the alleles have a similar phenotype. Using an aux1 mutant tagged with the transferred Agrobacterium T-DNA, Bennett et al. [10] were able to clone the gene and show that it encodes a protein with sequence similarity to a family of amino acid permeases identified in plants and fungi [10] . AUX1 is most similar to an amino-acid permease from Arabidopsis called AAP1. The degree of similarity is not high -21 % identity, 48 % similarity -but the two proteins are essentially collinear, and both are predicted to contain between ten and twelve membrane-spanning domains.
Given the similarity between AUX1 and AAP1, and the structural similarity between auxin and tryptophan, Bennett et al. [10] suggested that AUX1 functions as an auxin transport protein. If so, is it an influx carrier or an efflux carrier? To date, Bennett and colleagues have not presented data that addresses this question. As they point out, however, the auxin influx carrier is thought to function as a proton cotransporter, whereas the efflux carrier transports auxin anions. Plant amino-acid permeases function as proton-driven symporters, suggesting that AUX1 may be an influx carrier. If correct, this would explain why aux1 mutants are resistant to exogenous auxin. Loss of an influx carrier would presumably result in decreased intracellular auxin levels in the presence of exogenous auxin.
These exciting results raise a number of intriguing questions. First and foremost, does AUX1 really function as an auxin permease? Bennett's group is actively testing this possibility biochemically. If AUX1 is a permease, where does it function? Bennett et al. [10] showed that AUX1 is expressed in the root tip, where differential growth occurs; in situ analysis indicated that AUX1 RNA is most abundant in the epidermis. AUX1 protein is presumably present in cells that lie in the auxin transport stream and is thus in a position to regulate auxin uptake and/or transport in response to a gravity stimulus.
Why are the aux1 mutants resistant to ethylene? One possibility is that ethylene inhibition of root growth is partly due to ethylene effects on auxin transport. Ethylene inhibits auxin efflux in pea [4] : if the same is true in Arabidopsis roots, ethylene treatment would increase intracellular auxin levels. A mutation in an influx carrier may decrease auxin levels and provide some resistance to ethylene. What is the role of AUX1 in lateral root formation? Physiological studies have shown that lateral root development is dependent on auxin transport from the shoot into the root. It is thus not surprising that a defect in auxin influx affects lateral root formation.
Bennett et al. [10] noted that AUX1 is a member of a small gene family in Arabidopsis. What are the functions of the other members of the family? It is known that napthylpthalamic acid affects a number of growth processes in addition to root gravitropism. For example, napthylpthalamic acid affects shoot tropisms and increases the activity of axillary meristems in the shoot (so apical dominance is decreased). The AUX1-related genes may mediate these other responses. It is very likely that the study of AUX1 and the related genes will provide a wealth of information on the regulation of auxin levels throughout the plant and the role of this regulation in growth and development.
